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European Buckthorn (Rhamnus cathartica) is an invasive shrub that was introduced to North 
America in the 1800s.  Comparisons of buckthorn-invaded and native-dominated woodlands suggest that 
buckthorn might increase soil nitrogen and carbon by stimulating rapid decomposition of litter. Because 
decomposition and nitrogen cycling are microbial processes, I hypothesize that buckthorn invasion 
changes the community composition of soil microbes, and these changes should increase with increasing 
severity of buckthorn invasion.  To generalize the effects of buckthorn invasion, I looked at soils collected 
from 97 pairs of buckthorn-invaded and uninvaded reference sites across 15 remnant woodlands in an 
approximately 5,500-km2 region of the Chicago area. The severity of the buckthorn-invaded sites was 
scored based on information about the age, basal area, canopy coverage, and sapling density of buckthorn. 
I used automated ribosomal intergenic spacer analysis (ARISA) and quantitative PCR (qPCR) to 
characterize the invaded vs. reference site differences of soil microbial community composition and the 
abundance of nitrogen-cycling functional groups. I used linear regression to test the hypothesis that 
invaded vs. reference site differences in microbial communities and nitrogen-cycling functional groups 
increase with increasing severity of buckthorn invasion, and I used multivariate ordination to look at 
general patterns of community composition across these sites. I found that buckthorn invasion is related 
to small but significant shifts in microbial community composition across this area. Invasion severity 
significantly increased differences in bacterial communities between invaded and reference sites, and this 
increasing effect of buckthorn was most strongly related to the density of buckthorn saplings in at the 
invaded site. No such trends were detected for soil fungi. However, the projection of regression lines to 
zero invasion severity (i.e. no buckthorn) indicated that some differences in soil microbial communities 
might pre-date the buckthorn invasion. Buckthorn-invaded sites had higher abundance of Archaeal amoA 
(ammonia oxidizer) genes than uninvaded sites, but there were no significant differences detected in any 
of the other nitrogen-cycling functional groups. However, regression analysis suggested that the 
abundance of archaeal nitrifiers was not related to invasion severity, and the differences between invaded 
and reference sites may pre-date buckthorn invasion. Overall, my results suggest that the direct effect of 
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the buckthorn invasion on microbial communities is small relative to other sources of spatial and 
environmental variation, and that observed microbial differences between buckthorn-invaded and 
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The most visible impacts of plant invasion on an aboveground community are the structural changes 
within that plant community. Many invasive plants have been reported to reduce the plant diversity (7, 32, 
47). With the loss of plant diversity, exotic plants can dominate the occupied areas (7, 47), or new 
invasive species may move in to the encroached area (32). Invasive plants could also change the plant 
community in several ways, for instance by changing the frequency of fire disturbance (58) or using 
allelochemicals to influence soil nutrient availability or soil properties (52). Furthermore, previous studies 
(10, 31, 46) indicate that invasive plants may use “indirect” pathways to affect the ecosystem by 
interactions with belowground communities. The changes in plant-microbe interaction increase their 
invasive potential to alter the plant community (38). 
The changes of belowground communities due to plant invasion include the abundance of soil fungi 
and bacteria, the diversity of belowground communities, and abundance of soil functional groups (5, 14, 
25, 47). For example, a greenhouse experiment with invasive Solidago gigantea and native wetland 
species (47) indicated the invasive plant could increase the biomass of soil fungi, but reduce the biomass 
of soil bacteria. A study of Centaurea maculosa (5) showed similar results, with high biomass and 
diversity of soil fungi occurring in the soil samples collected near the plant, while bulk soil samples in the 
surrounding area had lower abundance of soil fungi. Another study found double the abundance of 
ammonia-oxidizing bacteria in encroached grasslands invaded by Avena barbata and Bromus 
hordeaceous, as compared to native grasslands (14).  
Differences in soil properties were reported in previous studies of plant invasion, and these included 
differences in soil pH, water content, and soil nutrient availability (6, 17, 26, 52). Plant invasion could 
affect soil properties and soil nutrient pools by direct and indirect pathways (57). For the direct pathway, 
plants could secrete enzymes and chemical compounds to regulate the soil pH, nutrient availability, and 
other soil properties (6, 26, 52). For example, an allelochemical that was found in root exudates of the 
invasive species, Centaurea diffusa, responded to iron deficiency tests showing an ability to take iron 
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from the soils it invades (52). Secreted enzymes, phosphatase and β-glucosidase were found in areas 
dominated by Cytisus scoparius, an invasive species in the Pacific Northwest, and these enzymes 
increased phosphorus availability in the soil (6). Plant invasion could also indirectly influence the soil 
properties and nutrient pools by affecting the soil functional groups. For example, Hawkes et al. (14) 
confirmed that invasive plants had ability to affect nitrification rates by doubling the abundance of 
nitrifiers in the soil. 
Changes of soil functional groups influencing the rates of decomposition, carbon sequestration, and 
multiple steps of nitrogen cycling have been reported in several studies on invasive plants (10, 15, 33, 
55).  For example, Heneghan et al. (15, 16) reported higher litter decomposition rate as well as higher soil 
carbon, nitrogen, soil pH, and moisture content in Rhamnus cathartica (Buckthorn) dominated 
woodlands. The high quality litter of Phragmites australis was found to correlate with a rapid N cycle in 
the dominated areas (59). A meta-analysis (29) focusing on the differences between invasive species and 
native plants summarized the results from 94 experimental studies, and this analysis found higher quality 
litters and biomass in the most of invasive species in comparison to native plants species. In addition, the 
dominated areas of invasive plants had higher soil NH4-N, and NO3-N concentrations, higher soil nitrogen 
mineralization, and nitrification rates than non-invaded referencing sites, and this may be typical of plants 
with high-quality litter (48). The indirect pathways that invasive plants used to influence soil properties 
have been confirmed in several studies (10, 31, 46). For example, Sanon et al. (46) reported that the 
invasive herb Amaranthus viridis changes the diversity of belowground communities and exerts a positive 
effect on soil nutrient content by increasing carbon, nitrogen and phosphorous concentrations. Soil 
enzyme activities have been related to the abundance of soil functional groups and the differences of soil 
nutrient availability in sites invaded by Berberis thunbergii and M. vimineum (10). A study of Acacia 
longifolia invasion (31) analyzed both the activities and community composition of soil microbes. This 
study showed that plant invasion can influence belowground communities, and these microbial changes 
lead to changes in soil carbon cycling. 
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Plant invasion also changes the plant-microbe interactions, and these changes could affect the 
ecosystem, including both the aboveground community and the soil properties. For example, Perkins and 
Nowak (38) reported that plants had the ability to change soil properties and the belowground community 
and the invasive plants took more benefits from plant-soil feedback than the native plants. Nitrogen fixers 
were reported to be symbiotic with an invasive plant, Myrica faya, which has been reported to 
significantly change the rate of nitrogen fixation and soil nitrogen concentrations in Hawaii (55). These 
studies indicated that changes of plant-microbes interactions would not only directly change the 
composition of above ground community, but also affects the soil properties and soil nutrient pools.  
European Buckthorn (Rhamnus cathartica) is a shrub invader and was introduced to North America 
in the 1800s. Buckthorn shows several traits of invasive plants that have been reported to dominate 
encroached areas and change environmental conditions. In competing with other native species, 
buckthorn has been reported to use the secondary metabolite, emodin, which could retard plant growth 
and which also had ability to inhibit fungal growth (21); however, the impacts of emodin on belowground 
communities were never tested in buckthorn occupied woodlands. In previous studies (15-17, 24), several 
characteristics of buckthorn (including high quality litter, plant biomass and higher C and N in the soil) 
have been reported that make buckthorn a good subject for studying the effects of soil properties on shrub 
invasion. Buckthorn also has a tendency to dominate new habitats due to its rapid growth, shade tolerance 
and soil moisture acceptability (24). This allows buckthorn to spread throughout wide ranges in North 
America, indicating that buckthorn may cause huge ecological problems.  
Buckthorn litter not only has a higher litter quality with low C/N ratio and faster decomposition rate 
than native species, but it also accelerates the decomposition rate of mixed-species litter in the areas it 
dominates, which results in an increased nutrient turnover rate and positively influences soil properties 
(15). Rapid decomposition of buckthorn litter found in buckthorn thickets is reported to correlate with the 
changes of soil properties including higher soil pH and a higher percentage of carbon and nitrogen (17). 
Similarly, results have been reported that buckthorn woodlands have higher soil carbon, nitrogen, and soil 
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pH than native forests; however, the increased soil nitrogen was mostly in an organic form that is not 
readily available to plants (16). The total soil carbon in a buckthorn thicket was 80% higher than the 
reference forests (16, 17). These studies (16, 17) showed the changes of soil properties in buckthorn 
woodlands. Heneghan et al. (16) showed that buckthorn might not influence nitrogen turnover process 
including the rate of nitrogen mineralization, ammonification, and nitrification. However, Knight (23) 
reported the opposite results, showing that buckthorn can increase the rate of nitrogen mineralization and 
soil NO3 concentration. Although research (16, 23) has shown differences in soil properties in buckthorn-
dominated and buckthorn-free areas, the correlations between these differences and buckthorn invasion 
are still unclear. Additionally, the differences in the results of buckthorn invasion from Heneghan et al. 
(16) and Knight (23) indicate that further investigation into the changes of soil properties and 
belowground communities in buckthorn areas are necessary.  
The major goal of this study is to understand the relationship between the changes of belowground 
communities, the changes of soil properties, and the severity of the buckthorn invasion. This research 
discusses the effects of buckthorn invasion on soil properties and belowground communities, and it will 
address the following questions: 1.) Does buckthorn invasion correlate to the changes of belowground 
communities? 2.) Does buckthorn invasion affect the abundance of soil functional groups for nitrogen 
cycling? 3.) Does buckthorn invasion alter the relationships between the abundance of functional groups 
and soil nitrogen contents? I hypothesize that buckthorn has ability to influence belowground 
communities, and therefore I predict that the dissimilarity in soil microbial communities between 
buckthorn-invaded and uninvaded areas will increase with increasing severity of buckthorn invasion. 
Additionally, the abundance of functional groups for the nitrogen cycling are influenced by buckthorn 
invasion, and therefore I predict that abundance change (between invaded and uninvaded sites) in soil 
functional groups will correlate to the severity of buckthorn invasion. 
To test these hypotheses and answer the dissertation questions as outlined above, the community 
composition of belowground communities had to be monitored. Few studies (14, 25, 46) provided the 
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direct evidence needed to relate the changes of soil properties and the dynamics of belowground 
communities on plant invasion. In this study, a DNA-based technique, automated ribosomal intergenic 
spacer analysis (ARISA), was used to monitor the community composition of belowground communities 
in each soil sample, and quantitative PCR (qPCR) was used to identify the abundance of soil functional 
groups that involved N fixation, nitrification, and denitrification. Comparing the dissimilarities of 
belowground communities in each buckthorn invaded and uninvaded pair plots and the severity of 
buckthorn invasion established the relationship between the changes of belowground communities and 
buckthorn invasion. In addition, this study’s comparison of changes in soil properties and the differences 
of soil functional groups between the buckthorn invaded and uninvaded plot-pairs provides the details 
needed to describe the interactions between soil properties, soil nutrients, and the changes of background 
commnities during buckthorn invasion. Furthermore, the results of qPCR provided the details of the 
relationships between buckthorn invasion and the abundance changes of soil functional groups that 
invovled in the soil nitrogen cycle. 
MATERIAL AND METHODS 
Experimental design: 
Observed differences between invaded and uninvaded sites may be caused by the invader, but they 
may also represent environmental differences that pre-date the invasion. To avoid the issues caused by 
pre-existing differences in soil properties between the invaded areas and reference sites (52, 55), I used a 
new sampling method introduced by my collaborator (20). Soil samples were collected from pairs of 
buckthorn-invaded and uninvaded sites in the sample area with identical historical record and soil type. At 
each plot-pair, a single composite parameter (see below) was used to describe the severity of buckthorn 
invasion (32, 33). This design allowed me to identify the correlations between the changes of 
environmental conditions, belowground communities, and the severity of buckthorn invasion. In previous 
studies (32, 33), the age of invaders was used to classify the severity of invasion and was used to model 
and predict the consequences of plant invasion. However, a single parameter of plant invasion might not 
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fit with all plant invaders, and age might not be the best indicator to connect the changes of ecosystem in 
response to plant invasion. To overcome this issue (33), a new composite parameter, severity index of 
buckthorn invasion (SI), was designed by D. Wise and colleagues (20), taking into account several 
parameters of buckthorn invasion, including the age, canopy area, basal area, and seedling area. By using 
multidimensional scaling method, these parameters were merged and used to explaining the variation of 
buckthorn invasion. Linear regression analysis was used to understand the correlation between the 
severity of buckthorn invasion and the difference of belowground communities (the dissimilarity of 
belowground communities and the abundant difference of soil functional groups) in each buckthorn 
invaded and uninvaded pairs.  
By extrapolating regression lines back to SI=0 (that is, no buckthorn invasion), I could distinguish 
environmental and belowground community changes that may pre-date the buckthorn invasion. The pre-
existing difference of belowground community composition and abundance of soil functional groups 
between buckthorn invaded and uninvaded sites before buckthorn invasion might also indicate that 
specific belowground populations could promote establishment of buckthorn population. Furthermore, the 
slope of regression line provides the relationship between the changes of belowground communities and 
buckthorn invasion. 
The slope and intercept of the linear regression analysis provided an understanding of the 
relationship between belowground communities and the buckthorn invasion. This study considered four 
possibilities to explain the correlations between buckthorn and belowground communities. 1) If the slope 
and intercept are equal to zero, the buckthorn invasion did not influence the belowground communities, 
and neither did the belowground communities differ between invaded and uninvaded sites prior to 
invasion. 2) If the slope is equal to zero, but intercept is not, the buckthorn invasion will not correlate with 
the changes of soil microbes, and there are likely to be pre-existing differences in the belowground 
communities before buckthorn invasion. 3) If the slope and the intercept are not equal to zero, the 
differences of belowground communities were pre-existing before buckthorn invasion, and the severity of 
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buckthorn invasion also correlates with changes in belowground communities. 4) If the intercept is equal 
to zero, but the slope is not, the microbial community composition between buckhorn invaded and 
uninvaded sites were the same prior to invasion, but the buckthorn invasion is causing changes of 
belowground communities. 
Soil sampling and sites description: 
In this study, soil samples were provided by Dr. David Wise at the University of Illinois at Chicago. 
Soils were collected from the remnant areas of 15 woodlands located in an approximately 5,500-km2 
region of the Chicago area (Fig. 1). A total of 97 buckthorn invaded and uninvaded plot pairs were 
located in these 15 woodlands, and 194 soil samples (0-10cm) were collected with a soil probe and stored 
at -20 ℃. Soil samples were collected at each site pair at three different sampling times. The first period 
of sample collecting was between 11th of May to the 5th of June 2009. The second sample period was 
between the 13th to the 22nd of July 2009. The third sampling was collected between the 31st of August 
to the 11th of September 2009. Additional information about these samples includes soil taxonomy and 
coordinates, elevation, and slope provided by Dr. Wise’s lab (20). 
DNA extraction: 
After freeze-drying, soil DNA was extracted from 500 mg of soil using the FastDNA Spin Kit for 
Soil (MP Biomedicals, Solon, OH) following the manufacturer’s instructions. Cetyl trimethyl ammonium 
bromide (CTAB) precipitation was used for further DNA purification to remove humic acids and other 
inhibitors of PCR. In addition, 16.25 µl of 5 M NaCl was used to adjust the NaCl concentration of each 
DNA extract to 0.7 M, and 12 µl of 0.1% (v/v) CTAB was added, followed by extraction with 128 µl of 
1:24 chloroform-isoamyl alcohol. The top layer containing DNA was removed and mixed with 256 µl of 
100% ethanol to precipitate DNA. The pellets of DNA were washed twice with 70% ethanol. Air-dried 
DNA was dissolved in 100 µl of TE buffer (pH 8.3) and stored at -20 oC. 
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Polymerase Chain Reaction (PCR) amplification and ARISA: 
Automated ribosomal intergenic spacer analysis (ARISA) (11) was used to analyze the community 
composition for soil bacterial and fungal communities. For generating ARISA profiles, primers 1406F 
(5’-TGYACACACCGCCCGT-3’) with a 5’ 6-FAM label, and 23SR (5’-GGGTTBCCCCATTCRG-3’) 
(3) were used to amplify the bacterial rRNA intergenic transcribed spacer region (ITS). Primers 2234C 
(5’-GTTTCCGTAGGTGAACCTGC-3’), and 3126T (5’-ATATGCTTAAGTTCAGCGGGT-3’) (41) 
with a 5’ HEX label were used to amplify the fungal ITS region.  
PCR ampliﬁcation reaction mixtures contained 50 mM Tris buffer (pH 8.3), 2.5 mM MgCl2, 250 
µg/ml bovine serum albumin (BSA), 250 µM of each dNTP, 400 nM of each primer, 1.25 U of GoTaq 
Flexi polymerase (Promega, Madison, WI), and 20 ng of template DNA in each 25 µl reaction. Thermal 
cycling conditions for bacterial ARISA consisted of an initial denaturation at 94 oC for 2 min., 26 cycles 
at 94 oC for 35 sec., 55 oC for 45 sec., 72 oC for 2 min., followed by a final extension at 72 oC for 2 min in 
an Eppendorf MasterCycler Gradient (Eppendorf AG, Hauppauge, New York). Cycling conditions for 
fungal ARISA consisted of an initial denaturation at 94 oC for 5 min., 26 cycles at 94 oC for 1 min., 55 oC 
for 30 sec., and 72 oC for 2 min., followed by a final extension at 72 oC for 5 min. PCR was carried out in 
triplicate for each soil sample for quality inspection of the ARISA profile in each soil sample. To separate 
the fragments in each ARISA profile for visual analysis, PCR products were diluted 1:5 (v/v) with de-
ionized water and resolved by capillary electrophoresis on an ABI Prism 3730xl DNA Analyzer (Applied 
Biosystems, Foster City, CA) at W.M. Keck Center for Comparative and Functional Genomics at the 
University of Illinois at Urbana-Champaign. 
Construct the standards for quantitative PCR:  
Quantitative PCR (qPCR) was used to quantify the abundance of functional groups (genes) involved 
in nitrogen cycling. Four functional genes were used to represent the functional groups during nitrogen 
cycling. The nifH was used to represent nitrogen-fixing microorganisms; the archaeal amoA (AOA) and 
bacterial amoA (AOB) genes represented the nitrifying microorganisms, and the nosZ gene represented 
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the abundance of denitrifying bacteria. Standards for qPCR were cloned into plasmids (see below) using 
the following methods: The standards of nifH and nosZ genes were extracted from pure culture Rhizobium 
leguminosarum bv. trifolii ANU794 and amplified by specific primers. For nifH gene, primers PolF (5’-
TGCGAYCCSAARGCBGACTC-3’) and PolR (5’-ATSGCCATCATYTCRCCGGA-3’) (40) were used 
to amplify the fragments of the nifH gene. The nosZ gene, the functional gene of denitrification, was 
selected and amplified by primers nosZ-F (5’-CGYTGTTCMTCGACAGCCAG-3’) (22) and nosZ-1622R 
(5’-CGSACCTTSTTGCCSTYGCG-3’) (53). The standards of amoA genes were derived from the DNA 
mixture of my soil samples. The archaeal amoA gene was amplified by the primers, Arch- amoAF (5’-
STAATGGTCTGGCTTAGACG-3’) and Arch-amoAR (5’-GCGGCCATCCATCTGTATG-3’) (44). The 
bactereial amoA gene was amplified by the primers, amoA-1F (5’-GGGGTTTCTACTGGTGGT-3’) and 
amoA-2R (5‘-CCCCTCKGSAAAGCCTTCTTC-3’) (44). The specific fragments of each functional gene 
were amplified from 20 ng DNA template and reacted with ABI AmpliTaq Gold 360 DNA polymerase 
kit following the manufacturer’s instructions. Thermal cycling conditions for AOA, AOB and nosZ genes 
consisted of an initial denaturation at 95 oC for 5 min., 30 cycles at 95 oC for 45 sec., 56  oC for 1 min, 72  
oC for 1 min., followed by a final extension at 72 oC for 5 min in an Eppendorf MasterCycler Gradient 
(Eppendorf AG, Hauppauge, New York). Cycling conditions for nifH gene consisted of an initial 
denaturation at 95 oC for 5 min., 30 cycles at 95 oC for 45 sec., 54 oC for 1 min., 72 oC for 1 min., 
followed by a final extension at 72 oC for 5 min. The PCR products were purified, ligated according to 
manufacturer’s specifications into the pGEM-T EZ vector (Promega, Madison, WI), and transformed into 
Escherichia coli JM109. The DNA concentration of each sample template and standards were quantified 
by Qubit Fluorometer (Life Technologies, Carlsbad, CA) following the manufacturer’s instructions. The 
copy number of genes in each standard sample were calculated following the equation “number of copies 
= (ng * number/mole) / (bp * ng/g * g/mole of the base pairs of DNA sequences)”. All sequences were 
analyzed by W.M. Keck Center for Comparative and Functional Genomics at the University of Illinois at 




Quantitative PCR (qPCR): 
For quantifying the copy numbers of each target gene, the plasmid DNA was quantified by Qubit 
Fluorometer (Life Technologies, Carlsbad, CA) following the manufacturer’s instructions, and a ten-fold 
serial dilution was made in each standard of functional gene. These serial dilution standards were run 
along with real samples and were used to construct standard curves for calculating the abundance of 
functional groups in each sample. The specific primers used to construct the clone libraries were also used 
on qPCR. The total volume of each qPCR reaction mixture was 10 µl which contained 2.7 µl de-ionized 
water, 0.5 µl (10 mg/ml) of bovine serum albumin (BSA) (New England Biolabs, Ipswich, MA), 0.4 µl 
(10 µM) of each primer, 5 µl 2X SYBR Green Master Mix (Life technologies, Carlsbad, CA) and 1 µl (10 
ng) of template DNA (quantified using a Nanodrop instrument (Thermo Scientific, Hudson, NH)). 
Triplicate qPCR reactions were run for each soil sample on an ABI 7900 real time PCR machine in the 
W.M. Keck Center for Comparative and Functional Genomics at the University of Illinois at Urbana-
Champaign. After analyzing, the threshold cycle values (Ct) were output from the retrieved data by SDS 
2.4 software (Life Technologies, Carlsbad, CA).  
After retrieving the Ct value, the dilution series standards were extracted from the data set and a 10 
based logarithmic transformation was applied to the copy numbers of each standard; the results were used 
to generate standard curves, using linear regression with Ct as the dependent variable and log-transformed 
standard copy number as the independent variable. The slope and intercept generated by the linear 
regression were used to calculate the copy numbers of functional genes in each sample by calibration with 
the standard curve. For standardizing the copy number of functional groups in each sample, the copy 
number was divided by the concentration of each DNA template quantified by Qubit Fluorometer (Life 
Technologies, Carlsbad, CA). The final unit used to present the abundance of the functional groups in 




All environmental and soil chemical data were measured and provided by B. Iannone and D. Wise at 
the University of Illinois at Chicago. Soil NO3
--N and NH4
+-N were extracted from moist soil samples of 
4 g each using 20 mL of a 2M KCl solution following the method described by Mulvaney (36). The 
concentration of NO3
--N and NH4
+-N were measured with EpochTM Microplate spectrophotometer 
(BioTek®  Instruments, Inc., Highland Park, VT). The method to measure the concentration of soil nitrate 
was by color change with vanadium chloride measured at 550 nm as per the methodology established by 
Doane and Horwath (8). Soil ammonium concentration was determined by color change with the 
Berthelot reaction measured at 660 nm as per the methodology established by Rhine et al. (42), and Sims 
et al. (49). Soil moisture content was measured by the gravimetric method (2). The value of soil moisture 
was represented as relative water content (RWC) and was calculated as (wet wt. - dry wt.) / dry wt. 
 
Quantifying the invasion severity of buckthorn: 
The severity indices of the buckthorn invasion (SIs) was a new indicator that merged several 
parameters of the buckthorn population by principal coordinates ordination (PCO) to replace the single 
parameter (i.e., age of buckthorn) for the invasive index of plant invasion in previous studies (32, 33). 
Severity indices were provided by B. Iannone and D. Wise. The information on buckthorn populations, 
including basal area, sapling density (stems with diameters ≤ 1 cm), cover, and height of buckthorn in the 
invaded woodlands, was used to generate the resemblance matrix with Gower’s distance (12, 13, 39). The 
SIs were calculated by the multidimensional scaling method principal coordinates ordination (PCO), 
which is based on the resemblance matrix of the buckthorn population. All data on buckthorn populations 
were collected during mid-June and mid-August of 2009. The first three axes of the PCO ordination 
explain 97% of the total variation (PCO1 = 63%, PCO2 = 20%, PCO3 = 14%) and were used to define 
three different SIs of buckthorn invasion. The vector score of each sample in the axes of the PCO 
ordination was taken to be the SIs score for that sample. For transferring the vector score to the score of 
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SIs, each vector score was adjusted by subtracting the minimum value to keep all SIs score as positive 
values. 
Data analysis and statistical methods: 
The community data of belowground communities output by Genemarker v. 1.95 (SoftGenetics, 
LLC, State College, PA) included fragment length to represent each operational taxonomic unit (OTU), 
and the area of each peak represented the population size of each OTU. The community data was 
standardized by Hellinger transformation (27) and the resemblance matrix was generated by Bray-Curtis 
similarity (28) using PRIMER 6 for Windows (PRIMER-E, Plymouth, United Kingdom) and the R 
statistical environment (51) for different analyses.  
The copy number of functional gene was transformed by natural logarithmic transformation for 
linear regression analysis in this study. Because the natural logarithm of zero is defined as negative 
infinity, small constant, 0.01, was added to each value before transformation. The abundant difference of 
each functional gene was calculated as (ln ((invaded+0.01)/ (uninvaded+0.01)). The value above zero in 
this calculation means that invaded sites had higher abundance of functional gene than invaded pair, and 
vice versa.  
The nonmetric multidimensional scaling (nMDS) ordination used to observe patterns of similarity in 
belowground communities was calculated by the PRIMER 6 software.  The functions that were used to 
analyze community data and the correlations between soil functional genes and environmental variables 
in the R statistical environment were in the packages “stats” and “vegan” (37). Permutational multivariate 
analysis of variance (PerMANOVA) (34) was used to test the hypothesis “The community composition of 
belowground communities in buckthorn-invaded and uninvaded sites were different.” Partial 
correspondence analysis (CA) and PerMANOVA were used to control for differences of belowground 
communities caused by large-scale site-to-site variation, i.e. between different plot-pairs. Here, each the 
identity of each plot-pair was used to conduct an ordination of correspondence analysis (CA) and the non-
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canonical axes (i.e. those independent of plot-pair) were used to test for residual differences between 
invaded and uninvaded communities. In this latter analysis, the relationships between belowground 
communities and soil environmental variables were also tested and represented as arrows in the plots. In 
the resulting plots, the length of the arrows represents correlations between the changes of belowground 
communities and environmental factors and the direction of arrows represents the trend of the change in 
belowground communities caused by environmental factors. 
The community similarity of each plot-pair was analyzed with severity indices (SIs) of buckthorn 
invasion by linear regression analysis to test the relationship between the change in belowground 
communities and buckthorn invasion. Because I did not expect different sites to have a zero Bray-Curtis 
dissimilarity (i.e. all microbes in common, in exactly the same proportions), I needed to determine a 
satisfactory non-zero intercept for the null hypothesis of no pre-existing difference between invaded and 
uninvaded sites. I used the dissimilarity of the triplicate ARISA profiles from each of 25 samples to create 
this null value. The triplicate ARISA profiles showed the dissimilarity of the bacterial community 
between each PCR replicate with a 95% confidence interval ranging from 32.55 to 46.29. The 95% 
confidence intervals of fungal community were located in the range between 16.01 to 28.26. Thus, I took 
46.29 and 28.26 to be the upper limits for the null expectation of the y-intercepts for bacterial and fungal 
tests, respectively. Paired T-tests and analysis of covariance (ANCOVA) were used to test the hypothesis 
“The abundance of soil functional groups were different in buckthorn-invaded and uninvaded sites and 
correlated with the inorganic nitrogen contents in the soil.” Linear regression analysis was used to test the 




Part 1: Does buckthorn invasion correlate to the change of belowground 
communities? 
The results of PerMANOVA showed that high spatial variability led the changes in belowground 
communities. The results of the PerMANOVA indicated that spatial variation could explain an 11% (R-
squared: 0.1145, p-value: <0.001) of the overall differences in the bacterial community and 12% (R-
squared: 0.12074, p-value: <0.001) of the overall differences in the fungal community. The results in 
Table 1 confirm the hypothesis “The community composition of belowground communities in buckthorn-
invaded and uninvaded sites were different and show significant differences in belowground community 
composition when comparing buckthorn-invaded to buckthorn-free areas. The buckthorn-invaded area 
could explain 1.3%-2% differences within the fungal community and 0.8%-1.5% difference in the 
bacterial community. The differences in belowground communities at buckthorn invaded and uninvaded 
sites were small; however, the p-values (<0.001) of all tests using PerMANOVA indicated these 
differences were statistically significant and consistent. Additionally, the results of the PerMANOVA 
analysis showed the proportion of differences in the belowground communities that correlated to 
buckthorn invaded areas decreased in later sample periods. The soil samples collected in May of 2009 
showed a higher variance between buckthorn invaded sites and uninvaded references than results of 
samples collected in July of 2009, and the samples collected in September of 2009 showed the lowest 
differences in belowground community correlations to the buckthorn invaded sample areas. 
The nMDS plots in Fig. 3 display the belowground community similarity of the all samples in 
buckthorn invaded and uninvaded sites. The pattern on Fig. 3A shows a high variability within the 
bacterial community for all samples. The centroids of all samples from buckthorn invaded and uninvaded 
sites could help us to distinguish the minute differences of community composition between these two 
groups.  Again, Fig. 3’s overlapped standard deviation bars show very small differences in buckthorn-
invaded and buckthorn-free bacterial communities. Additionally, the wider distribution range of bacterial 
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community at the buckthorn uninvaded site in Fig. 3A indicates that community composition of bacterial 
community in the uninvaded area might have higher variances than buckthorn invaded sites. The nMDS 
plot of Fig. 3B demonstrates fungal community similarity in samples from both buckthorn invaded and 
uninvaded sites. The overlapping of sample points from buckthorn invaded and uninvaded sites show a 
high variability in the fungal community of all samples. Like the pattern shown in Fig. 3A, the wide range 
of all samples in Fig. 3B indicates that the soil fungal communities were highly dissimilar. Again, the 
patterns of each group (buckthorn invaded and uninvaded samples) overlapped, displaying small 
differences between buckthorn-invaded and uninvaded fungal community sites. The centroids of each 
group did not overlap and the large standard deviation bars confirm the small differences between the two 
subject fungal communities. This evidence supports the results of PerMANOVA, indicating that the 
differences of belowground communities are statistically significant, but small. 
The results shown in Table 1 and Fig. 3 indicate that buckthorn-invaded and buckthorn-uninvaded 
plots had different belowground community composition, and they raised the secondary question, “Did 
any environmental factor in these woodlands drive the changes of belowground communities and make 
them different in the buckthorn invaded and uninvaded sites?” Partial correspondence analysis (CA) that 
removed site-difference (buckthorn-invaded and uninvaded) in each pair plots was used in this study and 
was used to answer the question and the results are shown in Fig. 4. The red and blue dots in Fig. 4A 
display the bacterial community in the invaded and uninvaded sites. Fig. 4A highlights the difference in 
bacterial composition between buckthorn invaded and uninvaded sites, because the partial CA controlled 
for the spatial variability in community composition between the different sample pairs. The distribution 
of red and blue dots indicated the composition of bacterial community in buckthorn invaded and 
uninvaded sites were different and confirmed the results of PerMANOVA. Here, the most influential 
factors for bacterial community changes were the relative water content and concentration of soil 
ammonia transformed by natural logarithmic transformation. The pattern in Fig. 4B shows a tight cloud in 
the central area that indicates little difference between the fungal communities in buckthorn invaded and 
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uninvaded areas. The distribution of red and blue dots in Fig. 4B indicates minute different community 
composition of soil fungi at buckthorn invaded and uninvaded sites. The arrows show the concentration 
of soil ammonia transformed by natural logarithmic transformation as the most influential factor for 
change in the fungal community; the relative water content was also an important indicator of change in 
the fungal community. In the Fig. 4B, the arrow direction of SP (sampling period) that was opposite to the 
soil nitrogen contents and relative water content showed that temporal variability driven the changes of 
soil fungal communities to opposite direction. The effect of temporal variability might reduce the 
dissimilarity of fungal community composition that was driven by the soil nitrogen and water content in 
each buckthorn invaded and uninvaded pairs.  
Table 2 shows how the dissimilarity of the bacterial community in each pair correlated to the severity 
index 2 (SI2) of buckthorn invasion in the samples collected in May of 2009. The small R-squared value 
(0.0602) and p-value (0.01545) show the correlation between the changes in the bacterial community and 
SI2 was statistically significant, but the correlation was very small. The result of samples collected in 
May of 2009 also affected the total bacterial community dataset. The results of the total bacterial 
community showed a statistically significant correlation between the dissimilarity of bacterial community 
in each pair-plot and the severity index (SI2) of buckthorn invasion. Again, it was statistically significant 
(P-value = 0.0294), but the correlation between the difference of the bacterial community and SI2 was 
still small (R-squared = 0.0167). Based on the PCO plot in the Fig. 2, the SI2 highly corresponded to the 
sapling density of buckthorn and indicated that the changes of bacterial community might correlate to the 
buckthorn sapling density. Fig. 5 shows the positive correlation between dissimilarity of bacterial 
community in each pair-plot and SI2 in the total bacteria and the samples collected in May of 2009. 
The intercepts on Fig. 5A and 5B are higher than 46.29 indicating that the bacterial and fungal 
community composition most likely differed between invaded and uninvaded pairs prior to buckthorn 
invasion. The small slopes (0.22- 0.39) in Fig. 5A and 5B display the small connection between the 
change of bacterial community and buckthorn invasion. Additionally, the intercepts in Table 2 display the 
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community composition of belowground communities (soil bacteria and fungi) in buckthorn invaded and 
uninvaded sites as being different before buckthorn invasion. 
Part 2: Does buckthorn invasion influence the soil functional groups? 
To identify the relationships between the changes of soil nutrients and the soil functional groups 
during buckthorn invasion, qPCR was used to quantify the abundance of functional groups of nitrogen 
cycling including N fixation (nifH), nitrification (Archaeal amoA (AOA), Bacterial amoA (AOB)), and the 
final step of denitrification (nosZ).  
Because the results shown in Fig. 3 only pertain to samples collected in May of 2009, which provide 
the only correlation between change in bacterial community and buckthorn invasions, I only used the T-
test for those May samples. The paired T-test results shown in Table 6 were used to test the difference of 
functional gene abundance (without transferal) between buckthorn invaded and uninvaded sites. Results 
showed only a significance difference in the abundance of AOA gene between buckthorn invaded and 
uninvaded sites. Fig. 6 shows buckthorn-invaded sites containing a higher abundance of AOA gene than 
uninvaded sites. Fig. 3 shows that soil nitrogen might drive the changes of belowground communities. 
The results of ANCOVA shown in Table 3 confirm the results of pair T-test where buckthorn invaded and 
uninvaded sites had a different abundance of AOA gene. In addition, Table 3 shows that the abundance of 
AOA correlates to the logarithmic transformed soil nitrate concentration and the interaction term between 
buckthorn invaded sample areas.  The presence of soil nitrate also correlated to the abundance change of 
an AOA gene. Additionally, the logarithmic transformed soil nitrate concentration correlated with the 
abundance of AOB. The results of ANCOVA showed that abundance of major nitrifiers containing the 
Archaeal amoA (AOA) gene highly correlate to the buckthorn invaded sample sites (p-value < 0.0015) 
and the logarithmic transformed nitrate concentration (p-value <0.001) in the May 2009 samples. The 
results of ANCOVA and T-test showed that buckthorn invaded sites had a higher abundance of nitrifiers, 
but did not provide the direct evidence needed to present the relationship between buckthorn invasion and 
the abundance change of soil functional groups. Here, the linear regression analysis was used to show 
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relations between the change of AOA population in each pair and the buckthorn invasion. Table 5 shows 
that that buckthorn invasion did not correlate with the abundance changes of soil functional groups 
affected by the nitrogen cycle. The intercepts of AOA population in Table 5 was significantly higher than 
zero which indicates a higher abundance of nitrifiers may have existed in buckthorn-invaded sites than 
uninvaded sites before the buckthorn invasion. 
DISCUSSION 
In this study, I hypothesized that buckthorn has the ability to influence belowground communities, 
and I predicted that the dissimilarity of soil microbial community between buckthorn invaded and 
uninvaded pairs would increase following the severity of buckthorn invasion. Additionally, I predicted 
that the abundance of functional groups for nitrogen cycling would be influenced by the buckthorn 
invasion, and the abundance change in the soil functional group correlates with the severity of buckthorn 
invasion. The results of linear regression analysis (Table 2 and Fig. 5) confirmed that buckthorn invasion 
correlates with bacterial community changes in the spring. Also, the intercepts in the linear regression 
analysis (Table 2 and Fig. 5) were significantly higher than the baselines calculated by the triplicate 
ARISA profiles in 25 random samples, suggesting that some of the differences of bacterial and fungal 
communities between buckthorn invaded and uninvaded sites pre-existed buckthorn invasion. 
Additionally, the report from Ianonne et al. (20) indicated that buckhorn dominated areas had higher soil 
pH, water content, soil carbon and soil nitrogen before buckthorn invasion. These results confirmed the 
findings reported by Heneghan et al. (16, 17) that showed the differences of soil properties and different 
soil microbial function in buckthorn-dominated and buckthorn-free areas in the woodlands. However, the 
results from Iannone et al. (20) and our study showed these differences in environmental conditions 
between invaded and uninvaded soils were prior to invasion and not all of them correlated with buckthorn 
invasion. The results from Iannone et al. (20) reported that the change of soil nitrate in the spring 
correlated to the SI1 of the buckthorn invasion and also showed that buckthorn prefers an environment 
high in nutrients, soil pH and water content. Sites with these traits may provide a higher potential for 
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buckthorn invasion. Our results showed that differences in belowground communities of invaded and 
uninvaded sites might not be driven by invasion (buckthorn), but rather by spatial variability. The low 
relevance (Table 2) between buckthorn invasion and the changes of belowground communities implied 
that buckthorns might not work with soil microbes and were not affected by plant soil feedback (PSF) as 
has been reported in previous studies (38, 55) describing several plant invasion processes.  The intercept 
in the results of linear regression analysis (Table 2 and Fig. 5) indicated there are significant different of 
belowground communities between buckthorn invaded and uninvaded pairs before buckthorn invasion 
and implied another possibility that belowground communities in buckthorn invaded sites might promote 
the establishment of buckthorn population. 
In this study, I compared the results of two different analysis methods. First, I sorted the soil into two 
groups including buckthorn invaded and uninvaded sites and used different analyzing strategies including 
PerMANOVA and partial CA to analyze the differences between belowground communities in buckthorn 
invaded and uninvaded sites. This is similar to typical approaches to invasion biology, where invaded and 
uninvaded sites are compared without any reference to site history. The results of PerMANOVA in the 
Table 1 and partial CA (Fig. 4) showed highly dissimilarity of belowground communities in the 
buckthorn invaded and uninvaded sites. The second method used the pair-plot design with different 
severity levels of buckthorn invasion and the linear regression model to correlate the changes (Table 2 
and Fig. 5). This approach allowed me to separate differences into those which may have been caused by 
buckthorn (slope) and those that may have pre-dated the buckthorn invasion (intercept). The results 
provided a different story about the correlation between the changes of belowground communities and 
buckthorn invasion indicating that belowground communities were different before plant invasion. The 
outcomes implied that results in previous studies (5, 16, 17, 25) were based on the first sampling method, 
which might provide incorrect conclusions about the environmental impacts of plant invasion. 
Additionally, the results in this study indicated that the plot-pair design could provide more information 
to identify the correlation between plant invasion and the changes of environmental variability. 
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High spatial variability is one of the major issues in this study. The correlations between spatial 
variability and belowground communities have been reported in previous studies (35, 45, 56). Bossio et 
al. (4) showed that season, soil type and soil nutrients were influencing the community composition of 
soil bacteria. High spatial variability in my study provided too much background noise and reduced the 
statistical power for identifying the relations between buckthorn invasion and changes in belowground 
communities. The 97 pair-plots might provide high statistical power to estimate the centroids of each 
group in the nMDS plots as shown by Fig. 3, but the differences were still small. To get a clearer 
correlation between the changes of belowground communities and plant invasion, I may need to increase 
the sample size in order to increase statistical power, or I may need to restrict geographic scope of the 
sites to reduce noises caused by spatial variability. 
My analysis showed that increasing buckthorn severity increased the difference in bacterial 
community composition between invaded and uninvaded sites (Table 2 and Fig. 5), and these changes 
were especially pronounced in the spring. The rapid decomposition of buckthorn litter in the early of 
spring might explain why the correlations between buckthorn invasion and the change in belowground 
community composition were found only in the spring samples. Previous studies have reported rapid litter 
decomposition of buckthorn litter and mixed-species litter found in buckthorn-invaded woodlands (15, 
18). Additionally, Iannone et al. (20) reported that the severity of buckthorn invasion correlated with 
increased litter decomposition. Their results confirmed that buckthorn litter had higher decomposition rate 
than native species, and they also indicated that the relationships between buckthorn litter and the changes 
of MCC (microbial community composition) is strongest in early spring but decreases with time as the 
summer progresses. May is fairly late in the spring season—a time when most of buckthorn litter has 
decomposed. The changes of soil bacterial community composition that I found may be the result of 
buckthorn bacterial communities adapting from a high nutrient environment, when buckthorn litter was 
rapidly decomposing in early spring, to a lower nutrient environment in late spring, when buckthorn litter 
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was gone. Thus, belowground community composition and activities might differ between the early 
spring and the late spring (9, 43, 50). 
The sampling method in this study could also explain the small but significant correlation between 
buckthorn invasion and the change of belowground community. Comparing the sampling strategies in this 
study and previous studies (14, 19), there were several differences. In a previous study, Herman et al. (19) 
reported that microbial community and the ecosystem services (nitrogen mineralization and nitrification) 
in the rhizosphere could be affected by plant roots. Hawkes et al. (14) also collected soil samples in the 
root area (the topsoil contained lots of root tissue and hyphae). For my study, the experimental design 
followed a major assumption that buckthorn changes soil properties and belowground communities 
through rapid decomposition of litter. Based on this concept, bulk soil samples were collected from the 
canopy area covered with buckthorn litter. However, the canopy area of buckthorn where soil samples 
were collected also had high densities of young buckthorn saplings with many shallow, fine roots in the 
upper layers of the soil. In fact, I observed many fine roots from buckthorn saplings in the soil samples, 
which means that some of my soil samples may have been subjected to stronger rhizosphere effects than 
others. The MCC changes that correlated with the sapling density of buckthorn as shown in Fig. 5, but the 
R-squared was very small (1.6% of total bacteria, and 6% of the May 2009 samples).  
Previous work (50) shows that the microbial community composition in the rhizosphere is not only 
affected by the plant, but it also has seasonal shifts. Dunfield et al. (9) also report seasonal changes in the 
rhizosphere microbiota, and they propose that these changes might be associated with environmental 
factors that vary seasonally (i.e., soil water content). Here, the results of linear regression (Table 2) found 
a significant correlation between buckthorn invasion and the changes of MCC only in the spring samples. 
Additionally, according to partial CA (Fig. 4), the most influential factors that correlated with the changes 
of MCC were soil water content and NH4
+ in the soil. The information of soil properties and soil nutrients 
(20) indicated that the environmental conditions in our sampling sites were very different between the 
spring and summer. The temporal variability might overpower the effects of buckthorn sapling in the 
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rhizosphere and concealed the relationship between buckthorn and MCC. To identify the major 
mechanisms that influence of buckthorn on MCC, two individual manipulative experiments that only 
focus on a single factor (litter decomposition or collecting sample from rhizosphere of buckthorn) should 
provide the details to describe the interactions between buckthorn and the changes of belowground 
communities. 
The relationship between buckthorn invasion and the soil nitrifiers has been reported (23) and 
showed that soil functional groups were significantly different between buckthorn woodlands and open 
areas. The results of Biolog EcoPlate showed buckthorn might correlate with some bacterial populations 
that could use specific carbon sources. However, less than 1% of belowground populations are amenable 
to culture-dependent studies like this (54), and the results could not explain the correlations between plant 
invasion and the changes of MCC under field conditions. To investigate the interactions between 
belowground communities, several studies (14, 25, 46) narrow down their targets to focus only on 
functional groups (14) or use low resolution methods to analyze MCC (25, 46). For analysis of the 
community composition, these studies also used nMDS (14, 25), and principal component analysis (PCA) 
(46) to present the differences in community composition of belowground communities in both plant 
invaded and uninvaded areas. The ARISA profile of belowground communities in our study provided 
more details of community composition than PLFA, and the restriction fragment length polymorphism 
(RFLP) in previous studies (14, 25); however, high resolution of community profiles also generated more 
noise and made it difficult to identify the correlations between sapling density of buckthorn and MCC 
changes. In addition, it was difficult to target the specific microbial populations that responded to 
buckthorn invasion in the 1% difference of the bacterial community.  
In previous study, Bever et al. (1) introduced a model to present plant-soil feedback (PSF). The 
density of plants was used to represent the driving force of the aboveground community for generating 
soil microbes. However, most PSF studies did not use plant density, but instead used the plant biomass as 
parameter to evaluate the impact of PSF (7, 30, 38). My results displayed in Table 2 and Fig. 5 implies 
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that buckthorn sapling density might be a major factor influencing the changes of belowground 
communities during buckthorn invasion. 
Based on reports from Heneghan et al. (16, 17), one of the major hypothesis in this study was “The 
abundance of functional groups for nitrogen cycling is influenced by the buckthorn invasion, and the 
differences in soil functional group abundance correlates to the severity of buckthorn invasion.” Here, the 
results of ANCOVA and linear regression analysis display the correlations between buckthorn invasion 
and the change of AOA groups. The results of ANOCOA and pair T-test showed that higher abundance of 
AOA populations was found in buckthorn-invaded sites in comparison to uninvaded reference sites. A 
similar study was reported (14) showing that population size of ammonia-oxidizing bacteria (AOB) has 
doubled in the encroached grassland upon the introduction of A. barbata and B. hordeaceous. However, 
the results of regression analysis in my study showed the severity of buckthorn invasion did not correlate 
with the abundance of the soil functional groups involved in the nitrogen cycling. The abundance 
difference of AOA groups correlated with the spatial variability and to pre-existing differences before 
buckthorn invasion. In my study, the pair-plot design provided more information on the results of linear 
regression analysis and indicated the abundance difference of each functional group in the spring pre-
existed the buckthorn invasion and might correlate with spatial variability. The DNA-based techniques, 
qPCR, provide information on population size (the abundance of functional groups) but does not contain 
information on activities about each functional group and the community composition of soil functional 
groups that has been reported in previous study (14). For understanding the interactions between 
buckthorn invasion and the activity of functional groups, RNA-based approaches and other measurements 
used to quantify the activities of nitrogen cycling need to be introduced. 
CONCLUSIONS 
The pair-plot design provided two major features to help understand the interactions between 
buckthorn invasion and the changes of soil microbiota. First, the projection of the regression line to the 
non-buckthorn invasion status revealed that differences in belowground community composition might 
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pre-date buckthorn invasion. In this study, the results indicated the different belowground communities 
pre-existed before buckhorn invasion. Second, the slope of the regression line provided possible cause 
and effect interaction to explain the relationship between buckthorn invasion and the change of 
belowground communities. Here, the regression line showed the positive correlation between buckthorn 
sapling density and the change of soil bacteria. The small slope and R-squared indicated that interactions 
between buckthorn and soil microbes are not easy to detect in the high variability of ARISA profiles in 
this study. In this study, spatial variability was the major driving force influencing changes of 
belowground communities, and the sapling density of buckthorn also affected the bacterial community 
composition. The DNA-based study showed that higher abundance of AOA population was found in 
buckthorn-dominated areas, but it also provided evidence indicating that buckhorn invasion did not 
correlate with the abundance change of AOA population.  Here, the interactions between buckthorn 
invasion and the activities of functional genes need further investigation by RNA-based and protein-based 
approaches. Again, the results showed that the correlation between the dissimilarity of bacterial 
communities and the sapling density of buckthorn was small but significant, and these results provided 
evidence to support the relationships between buckthorn invasion and the change of microbial community 
composition. To avoid the influence of spatial variability, multiple-year sampling or more manipulative 
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Table 1.  The results of PerMANOVA show the difference of belowground community between 
buckthorn invaded and uninvaded sites in each sample period. 
 
Bacterial community Fungal community 
Sample period R-squared R-squared 
May, 2009 0.02013*** 0.01511*** 
July, 2009 0.01836*** 0.01075*** 
September, 2009 0.01323*** 0.00839*** 
total  0.01399*** 0.00925*** 





Table 2.  The results of linear regression in the pair-plot designed study show the relationships between 
each SIs and the dissimilarity of each pair in the different sample periods. 
Bacterial community 
Sample periods SIs Slope Intercept R-squared 
Total 
SI1 0.07587 61.8841*** 0.0066 
SI2 0.2196* 58.8469*** 0.0167 
SI3 -0.1483 68.0496*** 0.0055 
May, 2009 
SI1 0.12017 60.0562*** 0.0179 
SI2 0.3916* 54.1383*** 0.0602 
SI3 -0.1195 66.7291*** 0.0039 
July, 2009 
SI1 0.0738 60.4116*** 0.0078 
SI2 0.0633 61.0276*** 0.0018 
SI3 -0.2459 69.1243*** 0.0188 
September, 2009 
SI1 0.0298 65.4686*** 0.0008 
SI2 0.2152 69.1243*** 0.0117 
SI3 -0.0744 68.3244*** 0.0011 
Signif. codes: P <0.001:*** ,  0.001<P<0.01:** ,  0.01<P<0.05:* 
The 95% CI of intercept in the dissimilarity of bacterial community in each pair plot was 




Sample periods SIs Slope Intercept R-squared 
Total 
SI1 0.0412 74.7759*** 0.0024 
SI2 0.0629 74.4642*** 0.0017 
SI3 0.0438 74.7980*** 0.0006 
May, 2009 
SI1 0.0878 74.2539*** 0.0132 
SI2 0.1904 72.2312*** 0.0199 
SI3 0.0045 76.6898*** <0.001 
July, 2009 
SI1 0.0460 76.2785*** 0.0035 
SI2 0.1353 74.3626*** 0.0096 
SI3 -0.2073 83.1546*** 0.0156 
September, 2009 
SI1 -0.0119 73.7583*** 0.0002 
SI2 -0.1758 77.5767*** 0.0093 
SI3 0.3391 64.3630*** 0.0264 
Signif. codes: P <0.001:*** ,  0.001<P<0.01:** ,  0.01<P<0.05:* 
The 95% CI of intercept in the dissimilarity of fungal community in each pair plot was 





Table 3. The results of ANCOVA to show the relationship between the abundance of soil functional 
groups. 
ANCOVA: Functional gene~ Buckthorn presence × NH4 concentration in soil 
 
Buckthorn presence NH4 concentration Interactions 
Genes p-value p-value p-value 
nifH 0.2223 0.2901 0.2466 
Archaeal amoA 0.0016** 0.1993 0.6680 
Bacterial amoA 0.5676 0.3817 0.4574 
Signif. codes: P <0.001:*** ,  0.001<P<0.01:** ,  0.01<P<0.05:* 
 
 
ANCOVA: Functional gene~ Buckthorn presence × NO3 concentration in soil 
 
Buckthorn presence NO3 concentration Interactions 
Genes p-value p-value p-value 
Archaeal amoA 0.0005** <0.001*** 0.0004** 
Bacterial amoA 0.5629 0.0184* 0.5710 
nosZ 0.6902 0.9633 0.8793 
Signif. codes: P <0.001:*** ,  0.001<P<0.01:** ,  0.01<P<0.05:* 
 
 
The soil samples for measuring the concentration of soil nutrients were collected from buckthorn invaded 
and uninvaded plot pairs in May, 2009. In this analysis the real concentration of soil nitrogen and the 
natural logarithmic transformated copy number of each functional gene were used in this test.   
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Table 4.  The results of ANCOVA show the relationship between the abundance of Archaeal amoA gene, 
the invasive status of buckthorn and the concentration of soil nutrients in different sample 
periods. 
ANCOVA: ln.AOA~ Buckthorn presence × NH4 concentration in soil 
 
 Buckthorn presence NH4 concentration Interactions 
Period p-value p-value p-value 
May, 2009 0.0016** 0.1993 0.6682 
July, 2009 0.0011** 0.0604 0.5166 
September, 2009 0.0019** <0.001*** 0.6025 
total <0.001*** 0.1164 0.9298 
Signif. codes: P <0.001:*** ,  0.001<P<0.01:** ,  0.01<P<0.05:* 
 
 
ANCOVA: ln.AOA~ Buckthorn presence × NO3 concentration in soil 
 
 Buckthorn presence NO3 concentration Interactions 
Period p-value p-value p-value 
May, 2009 <0.001*** <0.001*** <0.001*** 
July, 2009 <0.001*** <0.001*** 0.0052** 
September, 2009 0.001** <0.001*** 0.5885 
total <0.001*** <0.001*** <0.001*** 
Signif. codes: P <0.001:*** ,  0.001<P<0.01:** ,  0.01<P<0.05:* 
 
 
In this analysis the real concentration of soil nitrogen and the natural logarithmic transformed copy 




Table 5.  The result of linear regression for the abundant difference of each functional group and the 
severity indices of buckthorn invasion. 
Linear regression analysis: abundant difference of functional gene ~ SIs 
Functional gene    
 SIs slope Intercept R-squared 
Archaeal amoA 
SI1 -0.0085 0.9703** 0.0067 
SI2 -0.0066 0.8837 0.0013 
SI3 -0.0289 1.4996* 0.0169 
Bacterial amoA 
SI1 0.0104 -0.1711 0.0088 
SI2 0.0104 -0.1203 0.0028 
SI3 -0.0102 0.4009 0.0019 
nifH 
SI1 -0.0063 0.4627 0.0031 
SI2 0.0075 0.1018 0.0014 
SI3 -0.0173 0.7427 0.0050 
nosZ 
SI1 -0.0025 -0.1115 0.0023 
SI2 0.0032 -0.0366 0.0012 
SI3 -0.0121 0.3636 0.0188 
Signif. codes: P <0.001:***, 0.001<P<0.01:**, 0.01<P<0.05:* 
 





Table 6.  The results of the paired T-test show the difference of abundance in each functional gene 
between buckthorn invaded and uninvaded sites. 
Functional gene df mean of the differences t-value p-value 
Archaeal amoA 96 17478.82 3.0755 0.0027** 
Bacterial amoA 96 29.18765 1.4635 0.1466 
nifH 96 -407625.9 -1.0965 0.2756 
nosZ 96 -10164.75 -0.4749 0.636 
Signif. codes: P <0.001:*** ,  0.001<P<0.01:** ,  0.01<P<0.05:*  
 




“15 buckthorn woodland in Chicago area.” Map. Google Maps. Google. 19 April 2013. Web. 19 
April 2013. 
Figure 1. The symbols represented the fifteen woodlands for this study. 
15 woodlands located in an approximately 5,500-km2 region of the Chicago area that were used 






Figure 2. The two dimensional plot of PCO (including axis PCO1 and PCO2) shows the 
correlation between each PCO axis and the parameters used to quantify the severity of buckthorn 
invasion.  






Figure 3. The nMDS plot comparing belowground communities in buckthorn invaded sites and 
uninvaded sites.  
Fig. 3A shows the results of bacterial community analysis, and Fig. 3B shows the result of fungal 





Figure 4. These figures represent partial CA that removed the differences of each pair and show 
the differences in belowground communities (i.e., invaded and uninvaded sites) with 
environmental factors.  
Fig. 4A shows results in the bacterial community and Fig. 4B presents results of the fungal 
community. The red and blue dots represent the samples from buckthorn invaded or uninvaded 
sites, respectively. 
RWC: relative water content, SP: sampling periods, ln.NH4: ln (concentration of soil ammonia), 




Figure 5. The results of linear regression analysis and show the relationship between the severity 
index 2 of buckthorn invasion (SI2) and dissimilarity of each pair in the soil bacterial community 
in total bacterial samples and samples collected in May, 2009.  
Fig. 5A shows the relationship between SI2 and the dissimilarity of each pair in the total 
bacterial community. Fig. 5B shows the results of samples collected in May, 2009. 
A*: The 95% CI of intercept in the dissimilarity of bacterial community in each pair plot ranged 




Figure 6. The box plot shows the abundance of the Archaeal amoA gene in both buckthorn 
invaded and uninvaded sites.  
The abundance of Archaeal amoA gene was transformed by the natural logarithmic 
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